Abstract-A novel double-folded quarter mode substrate integrated waveguide (DFQMSIW) filter is designed in low temperature co-fired ceramic (LTCC). This filter consists of multi-layer substrate integrated waveguide. More than 93.75% of the filter's area is effectively decreased compared with original substrate integrated waveguide (SIW) filter for the technologies of Half-Mode and Folded are applied. Meanwhile, the dimensions are further reduced because of the technologies of LTCC and the vertical dimensional cavities configuration. The fabricated insertion loss and return loss are 1.9 dB and 13.5 dB, respectively.
INTRODUCTION
As we know, substrate integrated waveguide (SIW) is a novel waveguide construction which is smaller than metallic waveguide and losses less than micro-strip line. But the SIW still has a biggish plane dimension [1] . Hong et al. proposed the concept of Half-Mode in 2006 [2] , and then Quarter-Mode and Eighth-Mode are presented one after the other. The sizes of Half Mode Substrate Integrated Waveguide (HMSIW), Quarter Mode Substrate Integrated Waveguide (QMSIW) and Eighth Mode Substrate Integrated Waveguide (EMSIW) have been decreased by about 50%, 75% and 87.5% compared with the equivalent SIW cavities, respectively [3] [4] [5] [6] [7] . On the other hand, folded SIW (FSIW), a multilayer circuit process with three-dimensional integration features, was proposed by Grigoropoulos et al. in 2005 [8] and particularly analyzed by Che et al. in 2008 [9] , considered the best method for the miniaturization of SIW filters [10] . Double-folded SIW (DFSIW) and quadruple-folded SIW (QFSIW) are proposed soon afterwards, and the QFSIW can even reduce about 89% of the circuit area of a conventional SIW cavity [11, 12] . Nowadays, low temperature co-fired ceramic (LTCC) technology has been exploited to minimize microwave components for its three-dimension integration which can reduce the package area notably [13] [14] [15] . In [14] , a compact LTCC filter was introduced, which reduced about 60% of the conventional PCB microstrip filter's area For further reducing the size of filter, a double-folded quarter mode substrate integrated waveguide (DFQMSIW) resonator is adopted, and a novel two-order DFQMSIW filter is designed in this paper. The resonator works at TE 101 mode, and center frequency of the filter is 1.51 GHz. The insertion loss of the fabricated filter is 1.9 dB, and the return loss is below −13 dB. The area of the filter is reduced more than 93.75% compared with original SIW filter
DFQMSIW RESONATOR DISCUSSION
In order to design a multilayer DFQMSIW filter, the DFQMSIW resonator should be discussed at first. Based on QMSIW resonator, QFDMSIW is folded twice, which is why the DFQMSIW resonator has two substrate layers with an L-shaped slot in the middle metallic layer. The structure of DFQMSIW resonator is shown in Figs. 1(a) and 1(b), respectively. The substrates used to design the resonator, whose dielectric constant is 5.9 and loss tangent 0.0015, are obtained by LTCC Frro-A6 technology, and the thickness of each substrate layer is 0.096 mm. A spill micro-strip line is utilized for feeding. The dimension of DFQMSIW resonator can be calculated based on the following formula [15] [16] [17] :
The resonant frequency of the mode of the rectangular DFQMSIW resonator is given by the following formula [15] [16] [17] :
where m = p = 1, 2, 3. . . , and μ and ε are the permeability and permittivity of the substrate, respectively. L
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are the equivalent length and width, respectively. ΔW is the added width and observed owing to variations in the feeding position, and the magnetic walls are not ideal due to fringing fields.
Figure 2(a) shows the electric field magnitude within the cavity. Obviously, the closer the Lshaped slot is located, the stronger the electric filed intensity is. Meanwhile, the closer the feeding line is located, the stronger the electric filed intensity is, and conversely it is weaker. Fig. 2(b) shows the frequency response of the DFQMSIW resonator. The center frequency is 1.49 GHz. The insertion loss is 0.1 dB, and the return loss is below −32 dB. The parameters of the top metallic layer are given below: Z1 = 12.5 mm, Z2 = 1.4 mm, Z3 = 2 mm, Z4 = 2 mm. The results of Fig. 2 are obtained through Ansoft HFSS 14.
MINIATURIZATION DFQMSIW FILTER DESIGN
To effectively reduce the area of the DFQMSIW filter, a novel vertical dimensional cavities configuration is proposed as Fig. 3 and Fig. 4 . In Fig. 3 , a schematic coupling topology of the proposed bandpass filter is given. As shown in Fig. 3 , input (S) and output (L) are coupled to both resonators, and there is a direct coupling, denoted by K 12 , between adjacent resonators. The scheme of coupling causes a transmission zero to occur at the upper band. The direct coupling is realized through the slot or coupling window in the ground-the metallic layer between the adjacent DFQMSIW resonators 1 and 2. The target of the fabricated filter is to make the center frequency operate at 1.5 GHz as the relative bandwidth is realized to 4%, and to make the return loss reach −20 dB. Meanwhile, the insertion loss is more than −1 dB. The coupling matrix and external quality factor are found to be: The coupling coefficient K S1 = 0.92 means that the coupling between input (S) and resonator 1 is strong for there is a direct coupling achieved through microstrip line, and so as to output (L) and resonator 2. The coupling between resonators 1 and 2 is strong too, because there is also a direct coupling through a rectangle slot in the ground. But the coupling between input (S) and resonator 2 is a cross coupling, so the coupling is weak. Similarly, the coupling between output (L) and resonator 1 is weak. In Fig. 4(a) , there are two resonator cavities in the filter, and two substrates are between each two metallic layers. Because of the LTCC technology, the thickness of each substrate layer is only 0.096 mm, and the thickness of the filter which consists of eight substrate layers is only 0.768 mm. The radius of all vias is 0.1 mm, and the space of adjacent vias is 0. The two-order DFQMSIW filter is fabricated by LTCC Frro-A6 technology, and a picture of the filter is shown in Fig. 6 . In a microwave laboratory, the DFQMSIW filter is measured. As shown in be because the measuring environment is not well controlled, and the SMA connectors also introduce some loss. On the other hand, although the accurate model of the way that the feeder lines and ground are guided to the upper surface of the top substrate by vias is included in the simulations, it can also bring a deviation because of fabrication error. Based on the results, the simulation and measurement are in good agreement.
CONCLUSION
A novel two-order DFQMSIW filter is designed in LTCC, and the filter shows a good performance. By using a vertical configuration in three-dimensional space and the technologies of Folded Half-Mode, not only the miniaturization of two-order filter is realized, but also the reduction of area is even up to 93.75% compared with the conventional SIW cavity. At the center frequency of 1.51 GHz, the designed filter achieves a relative bandwidth up to 4% and a high selectivity. Plus, a transmission zero is created to improve upper-stopband performance. The volume of the filter is 16.2 × 16.2 × 0.768 mm. The filter has a compact size and simple structure, which makes it competitive for application in microwave communication systems.
